Summary Aberrant crypt foci (ACF) are clusters of abnormally large colonic crypts identified on the mucosal surface of the human colon. They are thought to be preneoplastic lesions. The aim of the present study was to compare density (number of ACF per square cm of mucosal surface), crypt multiplicity (number of crypts per ACF) and histology of ACF in colonic resections of colorectal cancer patients resident in two Italian provinces with a twofold difference in colorectal cancer incidence rates. Thirty-two and 26 colonic resections were collected after operation in Ragusa (Southern Italy) and Modena (Northern Italy), respectively, and fixed in 10% formalin. Mucosal layers were observed under a light microscope at 25x after staining with methylene blue. Density of ACF was significantly higher in Modena (median 0.101 ACF cm-2) than in Ragusa (0.049, P= 0.001), whereas there was no difference in crypt multiplicity. ACF were classified into three groups according to histological features: ACF with mild alterations (hypertrophic ACF, 73%), ACF with hyperplasia (hyperplastic ACF, 17%) and ACF with dysplasia (microadenomas, 10%). The proportions of ACF in the three groups were similar in the two provinces. Density of ACF was higher and crypt multiplicity lower proceeding from proximal to distal large bowel. Microadenomas were observed only in the colon, whereas hyperplastic ACF were more frequent in the rectum. In conclusion, density of ACF correlates with colorectal cancer rates in two Italian provinces, and shows a positive gradient from proximal to distal large bowel. Histology of ACF suggests that they may be precursors of both hyperplastic and adenomatous polyps. These data provide further evidence of the role of ACF in human colorectal carcinogenesis.
Cancer is a focal event that often develops from preneoplastic lesions. In the large intestine, adenomas are polypoid dysplastic foci that are thought to be precursors of cancer (Muto et al, 1975) . In the last few years the early events of human colorectal tumorigenesis have been extensively investigated. Among these, aberrant crypt foci (ACF) have been described topologically as clusters of abnormally large colonic crypts identified on the mucosal surface of the human colon after staining with methylene blue (Roncucci et al, 1991a; Pretlow et al, 1991) . They closely resemble foci induced in rodents by carcinogen treatment (Bird, 1987) , and seem to be surface manifestations of histological alterations previously described in humans (McKenzie et al, 1987) . Some lines of evidence support the view that ACF, or at least some of them, may be precursor lesions of colon cancer in rodents and in humans. In particular, aberrant crypts have a hyperproliferative epithelium (Roncucci et al, 1993) , the immunohistochemical expression of carcinoembryonic antigen is increased (Pretlow et al, 1994) , and K-ras and APC mutations have been demonstrated in human ACF (Pretlow et al, 1993; Smith et al, 1994; Yamashita et al, 1995; Losi et al, 1996) . When examined histologically, ACF show variable features, ranging from mild hyperplasia to dysplasia (Pretlow et al, 1994; Roncucci et al, 199 lb) .
The density of ACF in humans (i.e. the number of ACF per square cm of mucosal surface) depends on the colonic disease, increase in size seems to be a process of crypt fission beginning at the base of the crypt and then proceeding upwards until two new crypts are generated (Cheng et al, 1986) . Thus, the number of crypt per ACF, also termed 'crypt multiplicity' in experimental studies, would be an important parameter in order to evaluate ACF progression. However, the preneoplastic nature of ACF remains to be established. Epidemiological data on the distribution of ACF in the colon and the density and dimension of the lesions in populations at different risk of colorectal cancer might elucidate their role in the development of colon cancer. In Italy, incidence rates for colon and rectal cancer show wide variations according to data of local cancer registries. In Modena (Northern Italy) they are in the order of 50-65 new cases per 100 000 residents per year, whereas in Ragusa, Sicily (Southern Italy), they are about half (25-30 new cases) (Zanetti and Crosignani, 1992; Ponz de Leon et al, 1993; Modica et al, 1995) .
Here, we report the results of a study on the topological and histological evaluation of ACF in the colon of patients operated on for colorectal cancer in two Italian provinces with different incidence rates of colon and rectal cancer. We compared density, number of crypts and histology of ACF between residents in the province of Modena and residents in the province of Ragusa. We then examined density and number of crypts per ACF according to clinical data of patients and site of mucosa evaluated.
MATERIALS AND METHODS Mucosal samples
Thirty-two surgical colonic resections from patients with colorectal cancer resident in the province of Ragusa, Sicily, Southern Italy, and 26 resident in the province of Modena, Northern Italy, were collected after operation. Patients operated on but not resident in the provinces of Ragusa or Modena were excluded from the analysis. All resections were pathologically evaluated, then specimens of normal flat mucosa, taken at 3 or more cm from the tumour edge, were fixed in 10% buffered formalin for at least 24 h under a piece of glass in order to reduce mucosal folding.
Topology
At the time of topological evaluation specimens were cut into smaller fragments that were measured, and the mucosal layer isolated from the other layers of the bowel wall. The mucosal samples were then dipped in a Petri dish containing 0.2% methylene blue in isotonic solution for 5-10 min, put on a glass slide with the mucosal side up and observed under a light microscope at 25x.
When an ACF was identified, the number of crypts within the focus was recorded (crypt multiplicity) and the ACF removed using a dermatological punch biopsy set. For each colonic specimen the density of ACF was defined as the number of ACF per square cm of mucosal surface, whereas crypt multiplicity of ACF was the number of crypts per ACF. Cross-checking for scoring ACF was carried out by two researchers at the two centres on five colonic specimens in order to establish the level of agreement. Evidence of ACF and number of crypts in each focus gave concordant results, suggesting high reproducibility of the method.
Histology
A total of 134 mucosal samples each containing one ACF (except one sample that harboured two ACF) identified at topology were collected from 19 colonic resections taken from patients resident in Ragusa, and 11 in Modena. They were embedded in paraffin and serially sectioned at 4 ,um parallel to the muscularis mucosae, starting from the mucosal surface until the bottom of the crypts, and stained with haematoxylin and eosin. The sections were then observed under a light microscope until the focus was evident. The deeper sections were then examined, in order to discover histological features that could be useful for the identification of ACF. In particular, we focused on crypt dimension and shape, and nuclear features comparing aberrant crypts and normal surrounding crypts. We chose horizontal sections because they allowed a better definition of the focus than sections taken perpendicular to the surface. Histological evaluation of ACF was based on World Health Organization criteria (Jass and Sobin, 1993) .
Of a total of 134 ACF examined, 101 were evident at histology for two pathologists at the two Italian centres, who independently observed the sections. Thirty-three ACF were excluded because the focus was not evident or only partially evident (no. 19), or because of the presence of lymphoid follicles near the lesion (no. 14). The latter lesions were excluded because they might have been induced by inflammation. Indeed, basal cell hyperplasia has been observed in normal mucosa around lymphoid follicles (Lee, 1988) .
ACF were classified in to three groups according to cytological and histological criteria (Di Gregorio et al, 1997) . ACF in the first group (group A) had only mild alterations (referred to as 'hypertrophy'), namely enlarged crypts (at least 1.5 times larger than normal) with only slightly enlarged and elongated nuclei, but no crowding or stratification, and no mucin depletion or dysplasia. ACF in group B had features of hyperplasia, enlarged and sometimes crowded nuclei with no stratification, some mucin depletion, but no dysplasia. ACF in group C were dysplastic (microadenomas), with enlarged, elongated and sometimes stratified nuclei with loss of polarity, mucin depletion and dysplasia.
Statistical analysis
The frequency distributions of density and crypt multiplicity of ACF in the two Italian series were not normal, thus topological and pathological data of specimens from the two centres were compared using Mann-Whitney U-tests or Kruskal-Wallis oneway ANOVA, when appropriate. In order to compare our data with international series, average ACF density and crypt multiplicity were reported according to the variables considered. Interobserver agreement for crypt multiplicity of ACF was estimated by kappa statistics (Fleiss, 1981) . The level of statistical significance was set at 0.05. All P-values resulted from two-sided tests.
RESULTS
The most important clinical features of patients and the area of mucosa evaluated in each colon in the two Italian regions are shown in Table 1 . The two series were balanced with respect to demographical and pathological features, although the average area of mucosa evaluated was wider in Ragusa than in Modena. In each colonic resection two parameters were considered: density of ACF, i.e. the average number of ACF per cm2 of normal mucosal surface, and crypt multiplicity of ACF, i.e. the average number of crypts per focus. Topology ACF were observed in 52 of 58 specimens of colonic mucosa topologically evaluated (89.6%). Crypt multiplicity of ACF ranged between 2 and about 300.
British Journal of Cancer (1998) Figure shows an aberrant crypt focus on the colonic mucosal surface after methylene blue staining. The method of topological identification of ACF was reproducible. The level of agreement between the two Italian centres was high (k = 0.72) when the number of crypts within the foci (crypt multiplicity) was independently scored by two different observers (LR and SM) on five colonic resections collected in Ragusa. The overall density and average crypt multiplicity of ACF in the whole series were 0.103 ± 0.014 ACF cm-2 of mucosal surface and 39.3 ± 4.7 crypts per ACF (mean ± s.e.m.) respectively.
The density of ACF was significantly higher in colorectal cancer patients resident in Modena than in Ragusa (Figure 2 , P = 0.001). This difference was maintained when patients from Modena and Ragusa were matched for sex, age (± 3 years) and site of mucosa evaluated (right-or left-sided). On the other hand, crypt multiplicity was almost the same in the two series, although some colonic resections collected in Modena harboured ACF with high crypt multiplicity (Figure 3 , P = 0.848).
Pooling the data from the two centres, no significant difference according to gender and age of patient was observed for ACF density and crypt multiplicity, although older patients had more and larger foci (Table 2) . Density was significantly and progressively higher and crypt multiplicity lower from proximal colon to rectum. No gradient in ACF density and crypt multiplicity was observed according to the distance from the tumour (data not shown).
Histology
Of the 101 ACF evident at histology, 74 (73.3%) were classified in group A (hypertrophy), 17 (16.8%) in group B (hyperplasia) and 10 (9.9%) in group C (microadenomas). These percentages were similar in the two Italian provinces (Table 3) . Table 4 shows the anatomical distribution of the three histological types of the 103 ACF. Group B ACF were more frequently located in the rectum, whereas all group C ACF were found in the colon.
Moreover, as previously reported (Roncucci et al, 199 lb) , the topological appearance of ACF could predict histology of the British Journal of Cancer (1998) 77(12) lesions. In the present study, the slit-like luminal pattern was observed in seven of ten ACF with dysplasia at histology.
DISCUSSION
We confirmed that the large majority (i.e. nine of ten) of patients with colorectal cancer harbour aberrant crypt foci in their large intestine. We restricted the analysis to patients with colon cancer because density of ACF depends on the colorectal disease (Roncucci et al, 1991a; Pretlow et al, 1991) . Furthermore, colon cancer is the most frequent cause of colorectal surgery, thus providing sufficient material to allow comparisons of ACF density and crypt multiplicity between populations. Of course 'normal' colons would have been more appropriate to establish the real value of ACF as preneoplastic lesions. In six patients ACF were not found, five of these were resident in Ragusa. In these cases the area of mucosa examined was large enough to make sampling errors highly improbable (more than 60 cm2 of mucosal surface for each colon), although in some cases very low density of ACF cannot be excluded. The overall density of ACF in patients with colorectal cancer was slightly lower than previously reported (Roncucci et al, 199 la; Pretlow et al, 1991; Yamashita et al, 1995) . This may be due to geographical variations related to environmental factors or, alternatively, to technical errors. The latter reason seems unlikely, because the topological method of ACF scoring was carefully and repeatedly validated. Furthermore, interobserver agreement was found to be good (Fleiss, 1981) . ACF density in Modena was significantly higher than in Ragusa, and approached figures previously reported in colon cancer patients from Canada, USA and Japan (Roncucci et al, 1991a; Pretlow et al, 1994; Yamashita et al, 1995) . This pattern reflects colorectal cancer incidence rates in the two Italian provinces (Modica et al, 1995) . Experimental evidence supports the view that density of ACF is strictly related to initiation in colon carcinogenesis (McLellan and Bird, 1988) . Different qualitative or quantitative effects of dietary carcinogens may account for the higher ACF density in Modena. In fact, dietary habits are still different in Northern and Southern Italian regions, although less than in the past. In particular, fat and meat consumption is higher, whereas that of fruit and vegetables is lower in the North (FerroLuzzi and Branca, 1995) . It should be pointed out that the significant higher density of ACF in Modena seems to be due to a different distribution of average densities when compared with Ragusa, and not to a few patients with very high ACF density. Thus, the colorectal cancer population of Modena is at higher risk of ACF than that of Ragusa, probably because of different initiating events in the two populations.
On the other hand, crypt multiplicity of ACF, i.e. the number of crypts in each focus, was not significantly different in Ragusa and Modena, suggesting that colon cancer promotion might be similar in the two provinces. Genetic factors should not explain the regional gradient in ACF density, because no patient had a family history of colorectal cancer, although new mutations of mismatch repair genes causing genetic instability cannot be excluded (Leach et al, 1993; Papadopoulos et al, 1994) .
No difference in ACF density was observed according to gender, in agreement with colorectal cancer incidence in men and women, as reported in the cancer registries of Ragusa and Modena (Modica et al, 1995) . On the other hand, age-specific incidence rates for large bowel cancer show a sharp increase from 65 years onwards in both registries. However, no significant differences for ACF density and crypt multiplicity were observed between younger and older patients (> 65 years), although older patients had more and larger foci than younger, as recently reported (Yamashita et al, 1995) .
ACF density showed a positive gradient from the right colon to the rectum, in agreement with previous data (Yamashita et al, 1995; Roncucci et al, l991b) . It is worth noting that colorectal cancer is also more frequent in the large bowel distal to the splenic flexure.
Crypt multiplicity of ACF was lower in the left colon and rectum, and this may reflect different mechanisms of cancer progression in proximal and distal large bowel. Indeed, epidemiological, clinical, biological and molecular observations support this view (Weisburger and Wynder, 1987; Kouri et al, 1990; Thibodeau et al, 1993) . Recently, genomic instability at microsatellites (indicative of DNA mismatch repair deficiency) has been reported in human ACF (Augenlicht et al, 1996) . Interestingly, a recent work found microsatellite instability only in ACF from right-sided colonic mucosa of patients with large bowel cancer (Heinen et al, 1996) . Microsatellite instability is also more frequent in right-sided colon carcinoma, reinforcing the concept of different pathways for proximal and distal large bowel cancer, and giving support to the hypothesis of ACF involvement in cancer development.
Most ACF showed mild histological alterations, a few had definite hyperplastic features, and only one of ten was a microadenoma. This was true in both Italian provinces. The proportion of dysplastic ACF is in line with the relative frequency of adenomas with respect to hyperplastic polyps of the large bowel (Fenoglio et al, 1977) .
Experimental models of colon carcinogenesis have clearly shown that most ACF regresses. However, some ACF seem to be precursor lesions of colonic neoplasia because cancer developed in the site of previously marked ACF (Shpitz et al, 1996) . In humans, the natural history of ACF is unknown. Several observations, including the present study, suggest that ACF are precursors of both hyperplastic and neoplastic lesions in the colon. Probably the fate of ACF is dependent upon the sequence of genetic events that occurs in the epithelial cells of the mucosa, as recently proposed (Kinzler and Vogelstein, 1996) . In particular, APC mutations seem to be responsible for the onset of dysplasia, whereas K-ras mutations are associated with hyperplastic features at histology.
In conclusion, the results of the present study provide further evidence of a role for aberrant crypt foci in human colon carcinogenesis. DeVita VT, Hellman S, Rosenberg SA (eds), 
